When the yeast Saccharomyces cerevisiae is grown on glucose-based medium in which the glucose becomes exhausted, a transient growth arrest occurs. This arrest, called the diauxic transition, corresponds to the adaptation of the cell to growth on ethanol accumulated in the culture medium as a new carbon source. Major changes in the pattern of gene expression occurring during this transition have been characterized by analysis of the protein pattern obtained by two-dimensional (2-D) gel electrophoresis. Genes encoding components of the glycolytic pathway and cell growth activity are repressed, whereas genes not expressed during growth on glucose are induced (1, 3, 16) . At least two overlapping classes of proteins are induced at the diauxic transition: those synthesized during growth on ethanol or glycerol but not on glucose (called ccr) and those induced by heat shock from 26 to 36°C for 25 min (called hs) (5) . Down regulation of the cyclic AMP (cAMP)-signaling pathway seems to be an important controlling factor of this transition. A decrease in the level of intracellular cAMP during the consumption of glucose has been reported (15, 34) and is required for subsequent growth on ethanol after the diauxic transition (34) . We previously observed that the diauxic shift response is largely prevented when intracellular cAMP is maintained at an artificially high level (7) . When cAMP is exogenously added, genes expressed during growth on glucose are still expressed when glucose is exhausted, whereas a large proportion of the genes expressed at the diauxic transition are not induced. These results are consistent with direct control by the cAMP-signaling pathway of one or more transcription factors.
A repressing effect of the cAMP-signaling pathway has been reported for the stress-induced CTT1 (25) , UBI4 (38) , SSA3 (2, 44) , and SSA1, HSP12, HSP26, HSC82, and HSP104 (12) . In the case of CTT1 and HSP12, a stress-responsive cis element (STRE), whose sequence is CCCCT, has been shown to mediate both stress induction and repression by the cAMP-signaling pathway (25, 42) . STRE is also important for the induction of DDR2 (21) , TPS2 (18) , GSY2 (30) , and SOD2 (14) and has been found upstream of a large number of stress-inducible genes (24) . The transcription factor Msn2p and its homolog Msn4p (called Msn2/4p in this study) bind to STRE and appear to mediate gene activation in response to nutritional starvation, heat shock, oxidative stress, DNA damage, and osmotic shock (26, 36) . These two transcription factors appear to be functionally redundant (13) .
We decided to characterize the gene targets which are controlled by Msn2/4p for their induction at the diauxic transition by 2-D gel electrophoresis. We show here that Msn2/4p control a large number of genes induced at the diauxic transition. We further characterize the functional link between the cAMP-signaling pathway and the Msn2/4 regulators by comparing the genes induced at the diauxic transition: those dependent upon Msn2/4p with those repressed by exogenous cAMP. We observed that the cAMP repressive effect applies to all the Msn2/4p gene targets and also to Msn2/4p-independent gene targets. These results suggest that Msn2/4 regulators could be targets for the cAMP-signaling pathway.
MATERIALS AND METHODS
Yeast strains. W303-1A (a ade2 can1 his3 leu2 trp1 ura3) and Wmsn2-msn4 (a ade2 can1 his3 leu2 trp1 ura3 msn2-D3::HIS3 msn4-1::TRP1) are isogenic strains (13) . Strain OL556-STRE is derived from the diploid strain OL556 (a/␣ cdc25-5/cdc25-5 his3/his3 leu2/leu2 trp1/TRP1 rca1/rca1 ura3/ura3) (7) by genomic integration into the URA3 locus of the PMM2 plasmid (26) . This plasmid, linearized at the unique ApaI site, contains four copies of the oligonucleotide with the HSP12 sequence from Ϫ221 to Ϫ241, including the STRE motif, in tandem at the EcoRI site upstream of the LEU2-lacZ gene fusion of the PLS9 plasmid (35) . The single chromosomal integration at the URA3 locus has been controlled by PCR analysis (data not shown).
Culture conditions. YNBS medium is a 2% glucose-based minimal medium (7) supplemented with the required bases and amino acids. The cultures were performed at 28°C.
Glucose measurement. Glucose measurement was performed with Sigma diagnostic glucose reagent kit no. 510-A.
Protein synthesis analysis. Radioactive labelling of proteins, preparation of cell extracts, and 2-D gel electrophoresis were performed as described previously (4) . Quantitative analysis of the synthesis of the polypeptides separated on the 2-D gel was performed as follows. After drying, gels were exposed to phosphor screens which were scanned in a Molecular Dynamics PhosphorImager. Image files were then exported into BioImage software for image analysis and spot quantification. The spot intensities on the different images were standardized with regard to the actin spot. For proteins which are present as several distinct polypeptides with different pI values, the spot intensities were added. Spot intensities are expressed in arbitrary units.
␤-Galactosidase measurement. Yeast protein extracts and assay of ␤-galactosidase activity were performed as described previously (33) . Units of ␤-galactosidase activity are nanomoles of O-nitrophenyl-␤-D-galactopyranoside (ONPG) hydrolyzed per minute at 37°C. Protein concentration in the extracts was measured by the dye-binding method (8) .
RESULTS
Gene products not expressed in the absence of Msn2/4p. The contribution of the transcription factors encoded by MSN2 and MSN4 in the change of gene expression induced during diauxic transition was monitored by comparing the pattern of proteins synthesized in a strain with a double deletion of both msn2 msn4 and in the isogenic wild-type strain. We used a strain with a double deletion rather than a strain with a single deletion in order to avoid partial phenotypic complementation. Cells grown on a 2% glucose medium were pulse labelled with [ 35 S]methionine in early exponential growth (samples W1 and M1) and when glucose became limited (Fig. 1, W3 , W4, and W5 and M3, M4, and M5). Proteins were separated by 2-D gel electrophoresis. Quantification of protein synthesis rates is based upon the radioactivity measurement of each spot with a PhosphorImager. No significant difference was found between wild-type and mutant cells during exponential growth on glucose (data not shown). This result is consistent with the lack of phenotype of the msn2 msn4 mutant on glucose-based medium.
In contrast, large differences in rates of protein synthesis were observed when glucose became limited. Spots which consistently display at least a twofold difference in mutant and wild-type cells in the three sets of samples analyzed (W3 and M3, W4 and M4, and W5 and M5) were considered to be Msn2/4p-dependent proteins. Among the 61 proteins induced at the diauxic transition, 39 exhibited a significantly reduced synthesis rate in the mutant (Fig. 2 and 3 and Table 1 ). As shown in Table 1 , 30 of these 39 proteins were induced by heat shock, transfer from glucose-to ethanol-based medium, or both these treatments (5) . Twelve of these 39 proteins are the products of known genes. Identification of the two spot 23 polypeptides as Ald3 and/or 5p was performed on the basis of their amino acid compositions and did not allow distinction between the products of the 92% identical ALD3 and ALD5/ ALD2/YMR170C (later called ALD5). The intensity of the gene induction defect in the msn2 msn4 mutant is different for different proteins (Table 1) . Eleven proteins were not detectable. Nineteen other proteins exhibited a 3-to 10-fold decrease in synthesis rate, and 9 other proteins exhibited a decrease in synthesis rate that was less than threefold.
Correlation of the effects of cAMP and Msn2/4p. We have previously shown by 2-D gel analysis of strain OL556 that induction of a large number of proteins at the diauxic transition can be repressed by exogenous cAMP (7) . The same set of proteins was induced at the diauxic shift in the two strains OL556 and W303-1A with a similar level of induction, except for spot 7, which is not detected in OL556 (Table 1) . This experiment allowed us to compare the effect of Msn2/4p observed in W303-1A with that of cAMP in OL556. Proteins whose induction at the diauxic transition is decreased in the msn2 msn4 mutant are also repressed by cAMP in OL556 (Table 1) .
Proteins repressed by cAMP but still induced in the msn2 msn4 mutant. Thirty of the 69 proteins induced at the diauxic transition were still normally induced in the msn2 msn4 mutant. Eighteen of these 30 proteins were subject to cAMP repression (Table 2) . Thus, all Msn2/4p gene targets are subject to cAMP repression, but cAMP also represses other Msn2/ 4p-independent targets. The cAMP repressing effect was het- VOL. 180, 1998 cAMP, Msn2/4p, AND DIAUXIC TRANSITIONerogeneous (Table 2) . Interestingly, most of these 18 proteins identified here are induced only after glucose exhaustion (sample W4), in contrast to the Msn2/4p-dependent proteins, which are induced earlier when glucose is still present (sample W3) (data not shown). All these cAMP-repressed proteins are already known as proteins expressed in ethanol but not in glucose medium. These data clearly suggest that this set of proteins is controlled by pathway(s) other than Msn2/4p and may respond to a different signal. Finally, the syntheses of 12 proteins were found to be independent of Msn2/4p for their induction and insensitive to cAMP (among these proteins, Hsp60, Hsp78, Hsp82, Cit2p, Cor1p, and Mdh1p are known gene products) (data not shown).
Several gene products are superinduced in the absence of Msn2/4p. Seven proteins were found to be superinduced in the msn2 msn4 mutant. These include the products of ADH2, ALD6, CIT2, and ICL1 and spots 14, 35, and 36. The kinetics of induction of ADH2, ALD6, CIT2, and ICL1 showed that except for ALD6, this superinduction was transient (Fig. 4) . Tables 1 and  2 . Polypeptides which are dependent upon Msn2/4p for the induction of their synthesis at the diauxic transition are indicated by circles, and those whose induction is independent of Msn2/4p and repressed by cAMP are shown by lines. The two framed regions are enlarged in Fig. 3 .
STRE is activated at the diauxic transition. These data demonstrated that Msn2/4p control a large number of genes at the diauxic transition, presumably by activating these genes through their STREs. We thus monitored the activation of STRE at the diauxic transition with an STRE-lacZ reporter gene. Strain OL556-STRE, carrying the integrated STRE-lacZ reporter gene, was grown in glucose medium with or without cAMP until diauxic transition, and the rate of accumulation of ␤-galactosidase was determined (Fig. 5) . The ␤-galactosidase synthesis rate was low during exponential growth and increased dramatically (12-fold) at the end of this phase. When cAMP was present in the culture, the level of ␤-galactosidase activity in the cells remained very low and no significant induction could be observed when glucose was exhausted. Thus, an induction of the STRE-driven lacZ reporter gene is observed at the diauxic transition. In excess, cAMP has a negative effect on this STRE-dependent induction, as previously described in the case of N starvation and heat shock response (25) .
Promoter analysis of the Msn2/4p-dependent genes. STREs were searched in the promoter region of 12 Msn2/4p-dependent genes (Fig. 6) . Except for GDH3 and SSA3, all these genes contain one or several STREs. The importance of the STRE for gene induction at the stationary phase was demonstrated only for SOD2 (14) . For SSA3, there is a STRE-related sequence, CCCT, which is part of a 35-bp postdiauxic shift upstream activating sequence. This sequence, called UAS PDS , was shown to be important for gene activation under starvation conditions and to be subject to cAMP repression (2) . In addition, this sequence and STRE are probably bound by the same factor as that shown in gel retardation experiments (25) . Together, these results suggest that PDS is also a target for Msn2/4p. Two PDS elements are present in the GDH3 pro- Fig. 2 . The asterisks indicate polypeptides which are present in Fig. 3 . Additional data on these polypeptides (isoelectric point, molecular weight, values of spot intensity) on maps from samples W3, M3, W5, and M5 can be accessed on the yeast protein map server (www.ibgc.u-bordeaux2.fr/ YPM).
b References for the identification of the gene products on the map can be accessed on the yeast protein map server. c HS, heat shock; CCR, transfer from glucose-to ethanol-based medium. d Value of the spot intensity measured on maps from samples W4 and M4 (Fig. 1 ) and S1 and S1ϩcAMP from strain OL556 (8); ND, spot not detectable.
moter region and probably could serve as Msn2/4p binding sites. A PDS element is also present in ALD5 and may be important for induction of this gene by stress conditions (29) .
DISCUSSION
Msn2/4p provide a major contribution to the diauxic transition. From the analysis presented here, it can be seen that a large proportion of the proteins induced at the diauxic transition are dependent upon Msn2/4p. Regulation very likely occurs at the transcriptional level. However, the possibility of posttranscriptional control cannot be excluded for some of these gene products. Indeed, from the recent results obtained by multiple RNA analysis, products of 10 of the 13 known genes dependent upon Msn2/4p (ALD5, PGM2, HXK1, HSP104, GLK1, YBR149W, TPS1, TKL2, SSA3, and SSA4) are transcriptionally induced at the diauxic transition (10) . These transcription factors were first discovered as multicopy suppressors of the snf1 mutation (13), suggesting their involvement in the regulation of glucose-repressed genes. When it was later found that they bind to STRE, they were considered mostly to be transcription factors involved in the general stress response (26) . In this work, we have not attempted to analyze the respective contributions of Msn2p and Msn4p, which are known to be at least partially redundant. We confirm the role of these transactivators in controlling the expression of genes known to be induced by stresses such as heat shock and of genes expressed in ethanol-or glycerol-containing medium but not in glucose-containing medium. Among the proteins involved in stress response which we found to be induced less in the msn2 msn4 double mutant are several that are known. The gene products Hsp104p, Ssa3p, and Ssa4p are chaperon proteins induced by heat shock. Sod2p has a protective function in response to oxidative stress and was previously described as essential to osmotic stress response (23, 31) . Two other genes dependent upon Msn2/4p, TPS1 and PGM2, are involved in carbohydrate storage, a cellular response to various stresses (19, 32) . In the case of TPS1, the expression of a lacZ fusion with the TPS1 promoter region is dependent upon Msn2/4p, confirming the data from the 2-D gel analysis and indicating transcriptional control (37a). In the case of SSA3, it should be emphasized that its induction in response to glucose starvation has been previously reported to be independent of Msn2/4p (26) . The differences in the physiological conditions used to test the effect of Msn2/4p or an indirect effect of Msn2/4p at the translational level of SSA3 expression could explain these conflicting results.
Interestingly, all genes encoding metabolic enzymes that we have found to be Msn2/4p dependent (GDH3, GLK1, HXK1, TKL2, YBR149W, and ALD3 or ALD5) belong to families. HXK2 and GDH1 are preferentially expressed when glucose is present and repressed when glucose is exhausted (5, 37) , and the Tkl1p/Tkl2p ratio varies with physiological state (22) . Moreover, the abundance of the transcripts from the related isoenzymes in exponential growth on glucose medium estimated from the yeast transcriptome data (43) indicates that GDH1, HXK2, and TKL1 are expressed at significantly higher levels than their related genes, GDH3, HXK1, and TKL2. The polypeptides identified as products of ALD3 or ALD5 have an aldehyde dehydrogenase function. These two genes have already been reported to be induced by osmotic stress, and the induction of ALD5 is impaired in a bcy1 mutant (29) . Products of ALD3 and ALD5 and of YPR149W, which also encodes a putative aldehyde dehydrogenase, have the same function as those of ALD1 and ALD6, and ALD6 is transcribed more during exponential growth on glucose medium than ALD3 and ALD5 (43) . The Msn2/4p-dependent induction of different isoenzymes can reflect a role of these transcription factors in adjusting the types and levels of isoenzymes involved in carbon and nitrogen metabolism in response to glucose limitation. Two-thirds of the gene products whose induction is reduced in the absence of Msn2/4p are still induced but at a lower level in the msn2 msn4 mutant. This Msn2/4p-independent induction indicates the complexity of the regulation of these genes at the diauxic transition.
The Msn2/4p defect stimulates the induction of a class of gene products. The observation of a large collection of gene products by the 2-D gel analysis allowed us to discover an unexpected effect of the msn2 msn4 deletion. Some genes which do not require Msn2/4p for their induction at the diauxic transition are even more induced in the mutant than in the wild type, an effect that is transient for the majority of the genes. This phenomenon may be an indirect effect of the lack of Msn2/4p and may be related to the inability of the mutant to respond normally to nutrient limitation. A more direct effect of FIG. 3 . Enlargement of the two regions framed in Fig. 2 , from maps obtained with samples W3, M3, W4, and M4 and from maps S1 and S1ϩcAMP, previously published (7), obtained with samples from strain OL556 at the diauxic transition without (Ϫ) or with (ϩ) cAMP. Glk1p, Tps1p, and Ald3/5p (A) and Adh2p (B) correspond to spots 17, 22, 23, 37, respectively, on the map for sample W4 (Fig.  2) . The superinduction of Adh2p (B) and the polypeptides 16 (A) and 35 and 36 (B) in the msn2 msn4 mutant are illustrated.
FIG. 4.
Gene products superinduced in the msn2 msn4 mutant. The kinetics of induction at the end of growth (Fig. 1) was monitored for each gene product by measuring the intensities of the spots on maps for samples W3, W4, and W5 and M3, M4, and M5. Open circles, W303-1A; closed circles, Wmsn2-msn4. Msn2/4p can also be hypothesized. The possibility of a direct repressing effect of Msn2/4p on some of these genes cannot be excluded, although it does not seem likely for genes such as ICL1, which does not have a STRE site in its promoter region. The Msn2/4p-dependent activation of a repressor is a more likely explanation. It could also be that the induction of these genes by their transcription factors depends on a limiting factor which could be associated with Msn2/4p. Msn2/4p could be targets for the cAMP-signaling pathway. In a previous study, we have shown that a high level of cAMP, artificially maintained, prevents the induction of a large number of genes at the diauxic transition. Since Msn2p acts on STRE (26) , which has been shown to be a target for the cAMP-signaling pathway (25, 42 ; also this study), it was important to compare the patterns of the proteins regulated by Msn2/4p with those of the proteins regulated by cAMP at the diauxic transition. The good reproducibility of the protein patterns at the diauxic transition for strains W3031-A and OL556 allowed us to perform this comparison. The fact that all the genes which are dependent upon Msn2/4p for their induction are repressed by excessive cAMP argues in favor of Msn2/4p mediating the cAMP regulation of these genes. The effect of cAMP on SSA4 is weak; nevertheless, the absolute value is in the same range of order as the Msn2/4p effect. Moreover, a repressing effect of cAMP on SSA4 transcription has already been described (12) .
Transcriptional regulators other than Msn2/4p are also controlled by the cAMP-signaling pathway. Some of the gene products whose induction at the diauxic transition is not completely dependent upon Msn2/4p are still completely repressed by cAMP. This difference between the effects of Msn2/4p and cAMP may indicate sensitivity to the cAMP pathway of regulators other than Msn2/4p involved in the induction of the synthesis of these gene products, although the possibility of experimental variations cannot be excluded.
Moreover, a class of proteins which is not dependent on Msn2/4p for induction at the diauxic transition is repressed by cAMP, arguing strongly for other cAMP-sensitive transcription factors. Notably, all these have been previously classified as genes expressed in ethanol but not in glucose medium, suggesting that they could have similar regulatory properties. As previously shown (40) , an effect of the cAMP pathway on the Snf1 kinase, a major regulatory element involved in glucose repression, is unlikely. In the case of ADH2, the regulatory factor Adr1p has been shown to be partially sensitive to the cAMP pathway (9, 11) . For the others, the regulatory proteins sensitive to cAMP remain to be identified. Sequence analysis of the upstream region of the known genes does not allow the formulation of any predictions. However, the fact that they are induced at the diauxic transition and repressed by glucose might lead to some known transcription factors such as Adr1p, Hap2p, Cat8p, and Mig1p.
The biological significance of Msn2/4p gene control. MSN2 and MSN4 are dispensable for exponential growth on glucose; their deletion does not give a detectable growth defect. Indeed, we show here that the pattern of gene expression of the msn2 msn4 double mutant is similar to the pattern of the wild type under these conditions. In contrast, a large number of proteins normally induced at the diauxic transition fail to be induced in the mutant. This result indicates that Msn2p and/or Msn4p are required at this transition to activate the transcription of a large number of genes whose products could be important for adaptation to new growth conditions. A reduced ability to adaptation could explain the various phenotypes described for the msn2 msn4 double mutant: the hypersensitivity to glucose starvation (26) of exponentially growing cells, the impaired growth on galactose in anaerobic conditions, and the deleterious effect on growth of the overexpression of the DNA binding domain of Msn2p (13) . Since Msn2p has been shown to be produced constitutively during growth on glucose-based medium (16a), its function can be inferred to be activated when glucose for cell growth becomes limited. The activation of Msn2/4p is parallel with the drop in intracellular cAMP which occurs at the diauxic transition (34) , and all Msn2/4p-dependent genes are repressed by cAMP, as already noted. The activation of Msn2/4p could be directly controlled by the cAMP-signaling pathway, since it is known that this pathway can relay a glucose signal (28) . Msn2/4p could be direct targets for the protein kinase A, since the two transcription factors present putative cAMP-dependent phosphorylation sites. If Msn2/4p were directly controlled by the cAMP-signaling pathway, then they would have a larger role in cell physiology than stress-induced transactivation, considering the critical role of this pathway in environmental adaptation and differentiation (6, 17, 20, 27, 39, 41) . We therefore propose, on the basis of the large spectrum of genes regulated by these transcription factors, that their activity is increased by a drop in the cAMP-dependent protein kinase activity in the cell, thereby stimulating the transcription of the genes that are required for adaptation to new environmental conditions.
